GABAergic neurotransmitter systems are important for many cognitive processes, including learning and memory. We identified a single neuron in each hemisphere of the Drosophila brain, the anterior paired lateral (APL) neuron, as a GABAergic neuron that broadly innervated the mushroom bodies. Reducing GABA synthesis in the APL neuron enhanced olfactory learning, suggesting that the APL neuron suppressed learning by releasing the inhibitory neurotransmitter GABA. Functional optical-imaging experiments revealed that the APL neuron responded to both odor and electric-shock stimuli that was presented to the fly with increases of intracellular calcium and released neurotransmitter. Notably, a memory trace formed in the APL neuron by pairing odor with electric shock. This trace was detected as a reduced calcium response in the APL neuron after conditioning specifically to the trained odor. These results demonstrate a mutual suppression between the GABAergic APL neuron and olfactory learning, and emphasize the functional neuroplasticity of the GABAergic system as a result of learning.
In both mammals and insects, GABA is involved in learning and memory. For example, the mammalian hippocampus is important for many types of learning and is heavily innervated by GABAergic interneurons 1 . GABA A a5 is a GABA A receptor subunit that is highly expressed in the hippocampus and GABA A a5 knockout mice show enhanced performance in a match-to-place version of the water-maze test 2 . In Drosophila, the GABA A receptor RDL is preferentially expressed in the mushroom bodies, a brain structure that is essential for olfactory learning 3, 4 . Overexpression of RDL in the mushroom bodies impairs olfactory learning, whereas knocking down RDL enhances learning. In addition, the amount of RDL expression is inversely related to the calcium influx into mushroom body neurons that occurs when a fly is exposed to an odor 4 . These neuroanatomical, behavioral and physiological observations indicate that the neuronal circuits mediating learning and memory are modulated by GABA.
Other than the importance of the RDL receptor noted above, limited information exists about the GABAergic systems that modulate Drosophila mushroom bodies and learning. Electron microscopy experiments have shown that GABAergic processes make synaptic contact with both the antennal lobe projection neuron terminals and dendrites of the mushroom body intrinsic cells, the Kenyon cells. These contacts were observed in the mushroom body calyx, an area of the brain that contains the mushroom body dendrites and presynaptic terminals 5 . The critical questions that ensue from these observations are (i) where are the neuronal cell bodies of the GABAergic fibers that innervate the mushroom body neuropil, (ii) is there GABAergic input to the neuropil housing the axons of the mushroom bodies (the lobes) as well as to the dendrites, (iii) are the GABAergic neurons responsive to the cues presented during learning, and (iv) does learning alter the response properties of these neurons. If the response properties of the GABAergic neurons were blunted by learning, it would indicate that learning may occur by inhibiting the inhibitory inputs to mushroom body neurons.
Here we identified, to the best of our knowledge, the first known GABAergic neuron that projects to and innervates the mushroom bodies in Drosophila, and we found that this neuron innervated both the calyx and the lobes of the mushroom bodies. We found that this neuron normally suppressed olfactory learning and that its activity was also suppressed by olfactory learning, thus indicating a mutually antagonistic relationship between this GABAergic neuron and the processes of olfactory learning and memory.
RESULTS
The GABAergic APL neuron innervates the mushroom bodies We started by carefully examining the expression pattern of a specific Gal4 driver line, GH146-Gal4. Although widely used as a Gal4 line with expression that is specific to the antennal lobe projection neurons [6] [7] [8] , the GH146-Gal4 line also showed substantial expression in the mushroom bodies (Fig. 1a) , which has been previously reported [8] [9] [10] . The innervation of the mushroom bodies by neurons identified by GH146-Gal4 was observed as a complex reticulum throughout the lobes (Fig. 1b) , which did not resemble the tightly packed bundles that are characteristic of Kenyon cells, suggesting a non-Kenyon cell origin. We performed clonal analysis 8 using GH146-Gal4 to identify the origin of these neuronal processes. We crossed the GH146-Gal4 line to a heat shock FLP-out 8 line to generate progeny carrying GH146-Gal4, UAS4CD2,y + 4CD8-gfp, and Hs-flp transgenes. A heat shock of proper duration and developmental timing will cause the excision of the CD2,y + cassette, which is located between the UAS sequence and the CD8-gfp gene, randomly in single neurons such that the CD8-gfp construct becomes linked directly to the UAS sequence 8 , thus labeling different individual GH146-positive neurons in different animals.
In total, we prepared and analyzed over 300 brains that potentially contained a single-cell GH146-Gal4 clone. In 13 of the brains, we found a single neuron in either hemisphere that was the source of the ipsilateral mushroom body innervation. The cell body for this neuron was located lateral to the mushroom body calyx and near the lateral horn ( Fig. 1c,d ). This neuron was recently identified by two additional Gal4 lines from another study and named the mushroom body anterior paired lateral (MB-APL) neuron 10 . Although the APL neuron process was previously reported to enter the mushroom bodies through the calyx region 10 , our single-cell clone analysis revealed that the APL neuron sent one projection dorsomedially toward the mushroom bodies, which bifurcated into two branches. One branch entered the mushroom bodies at the waist of the vertical lobes ( Fig. 1c ) and the other branch entered through the calyx (Fig. 1d ). Because the APL processes formed a continuum of innervation throughout the mushroom body neuropil, we were unable to determine where these two branches met.
The APL neuron projected to all compartments of the mushroom body neuropil, including the lobes, the peduncle and the calyx. We did not observe innervation of the Kenyon cell bodies. This pattern of innervation precisely matched the expression pattern of RDL in the mushroom bodies 4 . In addition, the ramification pattern of the APL neuron in the calyx resembled the previously reported reticular GABA immunohistochemistry staining pattern in the calyx 5 , identifying the APL neuron as a candidate for a GABAergic neuron that innervates the mushroom bodies. Immunohistochemical experiments using antibodies to GABA confirmed that the cell body of the APL neuron showed strong GABA immunoreactivity ( Fig. 1e-j) . Therefore, we concluded that the APL neuron was a GABAergic neuron that innervated the mushroom body neuropil.
Reducing GABA in the APL neuron enhances learning Because the APL neuron innervated the mushroom bodies, we wondered whether this neuron might influence olfactory learning and memory. Of the three Gal4 lines that are known to show expression in the APL neuron 10 , the GH146-Gal4 line is the most specific. Therefore, we focused our attention on this line for reducing GABAergic input into the mushroom bodies. We decided to use GH146-Gal4 to disrupt genes that are specific to GABA synthesis, as APL was a GABAergic neuron. Although GH146-Gal4 drives expression in a large number of antennal lobe projection neurons ( Fig. 1a ), these neurons are generally cholinergic 7, 11 . This strategy should allow the relatively specific reduction of GABAergic inputs into the mushroom bodies from the APL neurons with minimal effects on other neurons that also express Gal4 in GH146-Gal4 flies. Other options, such as expressing the temperature-sensitive Shibire 12,13 with GH146-Gal4, would clearly have broad effects that are not specific to the APL neuron. We chose to knockdown the expression of glutamic acid decarboxylase (GAD) 14 , an important enzyme for GABA synthesis, using RNA interference (Gad-RNAi) 15 .
To confirm the tissue-specific knockdown of GABA synthesis, we carried out immunohistochemistry experiments to quantify the amount of GABA immunoreactivity in the knockdown and control animals. Although the control flies with the GH146-Gal4 driver alone showed strong GABA staining in the APL cell body, the GH146-Gal4/+;Gad-RNAi/+ flies showed a significant reduction (P o 0.001) of GABA immunoreactivity in the same region ( Fig. 2a) . The smaller GABAergic cell bodies near the APL neuron were not affected, illustrating the cell specificity of the knockdown ( Fig. 2a ). Because the locations, shapes and sizes of the smaller GABAergic neurons in the vicinity varied substantially among different samples, they were valuable only as a qualitative internal control. Therefore, we selected the GABAergic ellipsoid body 16 region as a quantitative internal control ( Fig. 2b) . Quantification confirmed that the GH146-Gal4/+;Gad-RNAi/+ flies showed decreased GABA immunoreactivity in the APL cell body by 4-5-fold, but no significant effect (P ¼ 0.69) on GABA immunoreactivity was observed in the ellipsoid body ( Fig. 2c,d) , indicating a relatively cell type-specific knockdown of GABA synthesis. Flies expressing Gad-RNAi under the control of the GH146-Gal4 showed a significant enhancement of performance after olfactory Relative intensity Relative intensity 12 Figure 3 Reducing GABA synthesis in the APL neuron enhances olfactory learning. (a) The flies carrying the GH146-Gal4 driver and the UAS-Gad-RNAi transgene had an enhanced performance index after olfactory conditioning using 1, 3 or 12 electric-shock pulses presented in a 1-min exposure to the conditioned odor. The performance index of the Gad knockdown group was not significantly higher than one control group, GH146-Gal4/+, after 12 shocks of training. This was because of a ceiling effect that occurred as the performance indexes approached 1.0. (b) Expression pattern of mCD8-GFP driven by GH146-Gal4 alone (top) or by the GH146-Gal4,Cha-Gal80 combined driver (bottom). Both front and back views of the brains are shown, together with higher magnification images of the areas marked by squares in both views, illustrating the mushroom body (MB) lobes or the mushroom body calyx and the lateral horn (LH). The APL neuron cell bodies are marked by the arrows in the first panel of row 1. The punctate arc of fluorescence that is posterior to the vertical lobes shown in the second panel of row 1 (marked by the empty arrow head) is from an antennal lobe projection neuron that was previously characterized 10, 34 . Note the loss of APL fluorescence in the mushroom body neuropil following the introduction of Cha-Gal80. (c) Knockdown of Gad by the combined GH146-Gal4,Cha-Gal80 driver failed to enhance learning, whereas knockdown by GH146-Gal4 alone reproduced the enhanced learning shown in a (n ¼ 6 for each group under each condition). Mean ± s.e.m., * P o 0.05, ** P o 0.01 (Fisher's protected least-significant difference). Scale bars represent 20 mm. classical conditioning (P o 0.05; Fig. 3a ). This result is consistent with our prior observation that knocking down RDL in the mushroom bodies enhances olfactory learning 4 , which supports the model that the APL neuron supplies the presynaptic GABA to RDL receptors expressed on the mushroom body neurons. In control experiments, we found no difference between the genotypes in their naive responses to either the odors or electric shock used for training ( Table 1) .
As the antennal lobe projection neurons are predominantly cholinergic 11 , we reasoned that expression of the Gal80 gene, a suppressor of Gal4, under the control of a cholinergic neuron-specific promoter should remove the projection neuron expression in the GH146-Gal4 line, allowing us to potentially access the function of the APL neuron more directly. We combined the GH146-Gal4 driver line with three independent lines carrying Gal80 driven by the promoter of the choline acetyltransferase (Cha) gene 13, 17, 18 . Unexpectedly, instead of removing reporter expression in the cholinergic projection neurons and leaving APL expression intact, all three of the Cha-Gal80 lines removed expression in the APL neuron together with a variable number of projection neurons ( Supplementary Fig. 1 online) . This indicated that all three Cha-Gal80 lines had expression in some noncholinergic neurons. We selected the line that least reduced expression in the projection neurons ( Fig. 3b and Supplementary Fig. 1 ) and used it as a negative control for the behavioral tests.
We found that the GH146-Gal4 alone enhanced learning when driving the expression of Gad-RNAi (reproducing the observations shown in Fig. 3a) , but that the Gad-RNAi driven by a combined GH146-Gal4,Cha-Gal80 driver, which eliminated APL neuron GAL4 activity, failed to enhance learning (Fig. 3c) . These observations suggested that the knockdown of Gad in the APL neuron was responsible for the enhanced learning. The presence of two additional GABAergic neurons has been reported in the antennal lobes in the expression domain of the GH146-Gal4 driver 7 and GAL4 activity in these neurons was also eliminated by Cha-Gal80 (data not shown). Therefore, we cannot completely rule out the possibility that these GABAergic neurons contributed to the phenotype. Our combined behavioral data were most consistent with the model in which the APL neuron suppressed olfactory learning by releasing the inhibitory neurotransmitter GABA, which activated RDL postsynaptically in the mushroom bodies.
APL neurons respond to odor and electrical shock stimuli To probe the physiological role of the APL neuron during olfactory learning, we studied the APL neuron's response properties toward odors and electric shock used for conditioning using functional optical imaging. We expressed a calcium-sensitive fluorescence reporter, GCaMP1.6 (ref. 19 ), using the GH146-Gal4 driver and recorded the response from the APL ramifications in the mushroom body horizontal lobes. The APL neuron showed an increased calcium response during the presentation of both odors (methylcyclohexanol (MCH) and 3-octanol (OCT)) at the concentrations that we used for the behavioral tests ( Fig. 4a,b ). We detected similar responses when we delivered electric-shock stimuli to the abdomen of the flies (Fig. 4c) .
To determine whether this increase in intercellular calcium level translated into an increased firing rate of the APL neuron, we expressed a second reporter, synapto-pHluorin (spH), using the same GH146-Gal4 driver. spH is a pH-sensitive fluorescent reporter that has a synaptic vesicle-targeting sequence and increased fluorescence during synaptic vesicle release 20, 21 . Using the spH reporter, we were also able to detect responses in the processes of the APL neuron during odor or shock presentation (Fig. 4d,e ). These results suggest that the APL neuron responds to both odors and electric shock by increasing intercellular calcium levels and releasing GABA.
APL neurons have a decreased response to trained odors
As the APL neuron responded to both the odor and electric-shock stimuli used for conditioning, we asked whether the APL neuron showed any training-induced plasticity. In other words, did the APL neuron form a memory trace by changing its response properties toward the conditioned stimulus as a result of the conditioning? We trained single flies under the microscope with odors and electric shock and measured the calcium response in the APL neuron before and after training (Fig. 5a) . When we trained the flies with OCT, which was presented for 1 min simultaneously with 12 electric-shock pulses, the APL neuron showed a significantly reduced response (P o 0.05) to OCT at 30 s and 5 min after training. This decrease was the result of the temporal pairing of the odor and shock stimuli rather than simple exposure to these stimuli, as the same odor and shock delivered 15 s apart failed to cause this decrease (Fig. 5b) . We obtained a similar result using MCH as the odor (Fig. 5c) , indicating that the decreased response was not specific to OCT as the trained odor.
To determine whether this decrease was specific to an odor paired with shock or whether it was generalized to a second odor presented during conditioning, we trained flies with one odor that was paired with electric shock and tested the APL responses to both the trained odor and the control odor, both before and after training (Fig. 5d) . The APL neuron showed a significant decrease (P o 0.01) in response toward the trained odor, but not the control odor (Fig. 5e,f) . Thus the APL neuron formed a memory trace that manifested by a decreased response specifically toward the trained odor.
DISCUSSION
Using single neuron-labeling techniques and immunohistochemistry, we identified the APL neuron in the GH146-Gal4 expression domain as the first GABAergic neuron that innervated the mushroom bodies of Drosophila. We found the innervation to be surprisingly broad, with this single neuron accounting for GABAergic processes that extend across the complete three-dimensional volume of the calyx, peduncle and lobes. Knocking down GABA synthesis in the APL neuron enhanced olfactory learning, indicating that the APL neuron suppressed olfactory learning by releasing GABA. Functional optical imaging revealed that the APL neuron responded to both the conditioned and unconditioned stimuli used for training. We further found that a memory trace registered as a reduced response specifically to the trained odor formed in the APL neuron after conditioning, suggesting that olfactory learning somehow suppressed the activity of this inhibitory neuron.
These observations are consistent with the results of our previous study, in which we altered the expression level of the RDL receptor in the mushroom bodies 4 . We discovered that overexpression of RDL in the mushroom bodies inhibits learning, whereas reducing RDL expression in the mushroom bodies enhances learning, similar to the effect of reducing GABA synthesis in the APL neuron. Furthermore, the calcium responses to odor that are observed in the mushroom body neurons of flies that overexpress RDL are reduced, whereas the responses observed in flies with reduced expression of RDL are increased. Thus, increased learning is observed by either reducing RDL expression in the mushroom body neurons or by decreasing GABA synthesis in the APL neuron that innervates the mushroom body neuropil. The logical conclusion is that the APL neuron provides the GABAergic input to RDL receptors expressed on the mushroom body neurons and that this neurotransmitter-receptor dynamic determines whether learning will occur. Figure 5 The APL neuron forms a memory trace of reduced calcium response for the conditioned odor after training. (a) Flies were exposed to odor for 1 min while simultaneously being administered 12 pulses of electric shock (trained) or the same odor and shock separated by 15 s (control). The GCaMP response for the odor was probed 3 min before (Pre), 30 s after (Post1) and 5 min after (Post2) the 1-min odor presentation. Each probe test lasted for 3 s. GABAergic feedback neurons projecting to the mushroom bodies have been reported in the honeybee 22 . The morphology of these feedback neurons and their innervation patterns in the mushroom bodies are similar to those of the Drosophila APL neuron described here. Pairing an odor with a sucrose reward induces a decrease in spike activity in the GABAergic feedback neurons toward the trained odor shortly after training 23 , similar to the decreased response that is observed by functional optical imaging in the APL neuron after training. These observations suggest that the APL neuron might be the Drosophila equivalent of the honeybee GABAergic feedback neurons. The processes of the GABAergic feedback neurons in the mushroom body lobes of the honeybee are considered to be postsynaptic and their processes in the mushroom body calyces are considered to be presynaptic. The processes of the APL neuron in the mushroom body lobes of Drosophila, however, clearly contained presynaptic specializations, as synaptic vesicle release was observed from these processes by functional optical imaging (Fig. 4d,e) . Thus, the functional relationship between the Drosophila APL neuron and the honeybee GABAergic feedback neurons remains uncertain.
Functional optical imaging experiments have revealed multiple memory traces being formed after olfactory conditioning in different areas of the Drosophila brain 21, [24] [25] [26] [27] [28] [29] . The APL neuron memory trace was different from previously described traces, as it was registered as a decrease, rather than an increase, of neuronal activity. This is not surprising given that the APL neuron releases GABA. However, an important issue is raised by these observations. Is the increased activity in the mushroom bodies after training inducing the decreased activity in the APL neuron or is the latter serving as a permissive event that allows the former to occur? Temporally, the APL memory trace that we observed here forms in a similar time window as the early memory trace that was recently reported to form in the a¢/b¢ mushroom body neurons 25 , indicating that these two scenarios remain equally possible. Another more complicated scenario is that these memory traces could form synergistically and in parallel rather than sequentially, as many insect neurons have mixed axons and dendrites and communicate bidirectionally with connected neurons 30 .
The APL neuron showed a depression in activity after training that was specific to the trained odor compared with a control odor. The mechanism underlying this specificity is unclear. One of the simpler possibilities is that the APL neuron is both pre-and postsynaptic to mushroom body neurons, similar to models proposed for the dorsal paired medial neuron 29 . Training may produce a synaptic depression at the synapses between mushroom body neurons conveying the information about the trained odor and the postsynaptic APL neuron, but not at synapses between mushroom body neurons conveying information about other odors and the postsynaptic APL neuron. Such depression would specifically reduce the activity of the APL neuron in response to the trained odor. This depression of APL activity in response to the trained odor would also be registered as increased activity in the mushroom body neurons representing the trained odor, as the mushroom body neurons would then receive reduced inhibitory signals from the APL neuron acting presynaptically. A second possibility is that the increased activity of the mushroom body neurons conveying information about the trained odor might induce retrograde signaling, causing a depression in specific APL presynaptic, inhibitory fibers. Recent studies of endocannabinoid-mediated hippocampal metaplasticity have revealed that focal stimulation of CA1 pyramidal neurons triggers a long-term depression at inhibitory synapses that is restricted to a very small dendritic area (B10 mm), mediated by the postsynaptic release of endocannabinoid that binds to the presynaptic CB-1 receptor on the inhibitory neuron presynaptic terminals 31 . It remains unknown whether a similar retrograde signaling system exists in flies to mediate a similar effect, although a Ca 2+ -and synaptotagmin 4dependent retrograde signaling mechanism has been discovered at the Drosophila neuromuscular junction that functions in a synapse-specific fashion 32 . If selective suppression of inhibitory inputs exists in the CNS of Drosophila, then it may serve as a mechanism for coding and storing information in the brain.
METHODS
Fly lines. We cultured flies on standard medium at 25 1C, 60% relative humidity and a 12-h light/dark cycle. We out-crossed the flies that were used for behavior tests to the w(CS10) (Canton-S flies carrying the w 1118 mutation) background, which was used as a wild-type control. The FLP-out line 8 Clonal analysis. We crossed the GH146-Gal4 line to the FLP-out line 8 to generate progeny carrying GH146-Gal4, UAS4CD2,y + 4CD8-gfp, and Hs-flp transgenes. We heat shocked a mixed population of third instar larvae and early pupae at 32 1C for 20 min to label single neuronal clones with CD8-GFP.
Immunohistochemistry. We dissected and fixed fly brains and incubated them at 4 1C overnight with primary antibody. We used rabbit antibody to GFP (1:100, Molecular Probes, A11122), rat antibody to mCD8 (1:100, CALTAG Laboratories, MCD0800), rabbit antibody to GABA (1:50, Sigma, A2052) and mouse antibody to GFP (1:100, Molecular Probes, A11120).
Olfactory conditioning. Drosophila olfactory conditioning followed an olfactory classical conditioning procedure 33 . Briefly, we exposed flies sequentially to two odors (MCH and OCT) for 1 min each. Only the first odor was paired with electric-shock pulses. Immediately after this training, we loaded the flies into a T maze, in which they made a choice between two arms, each containing one of the two odors. The flies' avoidance of the odor that was previously paired with shock was measured as the performance index, which was defined as the number of flies that responded correctly minus the number of flies that responded incorrectly, divided by total number of flies. To eliminate naive odor bias, each trial was composed of two simultaneous half trials, in which we trained one group to associate MCH with shock and the other to associate OCT with shock. We calculated the performance index of each of these trials and defined the complete performance index as the average of the two. We varied the number of shocks used in the training, as previously described 4 , to measure the memory strength as a function of different training intensities.
Functional optical imaging. We carried out functional optical imaging as described previously 4 . Briefly, we immobilized a fly in a pipette tip, cut a window from the cuticle of the fly head and covered it with a piece of transparent plastic wrap to expose the dorsal brain for imaging. We performed imaging under a Leica TCS SP5 confocal microscope using a 20Â objective. We dissolved odorants in mineral oil and delivered them using a computerized controller, which switched between delivering an air stream mixed with air wafted over either mineral oil alone (baseline control) or mineral oil containing odorants. The flow rate was 100 ml min -1 . We delivered a constant direct current of 0.1 mA to the fly abdomen using a custom-made platinum electrode at 1.25 s per pulse and 12 pulse per min. We took an imaging time series at a rate of about 0.2 s per frame and then temporally smoothed it using a sliding window of size 5 to bin consecutive frames. We calculated the baseline fluorescence (F 0 ) by averaging the 3-5 bins just before odor or shock delivery. We divided the change of fluorescence (DF) for each time point by F 0 to calculate the percentage fluorescence change (DF/F). We prepared pseudo-color images according to the percentage change on a pixel-by-pixel basis. We carried
